ABSTRACT The droop controlled grid-connecting inverter (DC-GCI) has been widely used in microgrid (MG). However, the power flow of the droop control is very sensitive to the fluctuation of grid frequency and voltage magnitude, which will result in a very fast inrush current of DC-GCI. Owing to the linear relationship of P-F, current limiters are required to prevent DC-GCI output power from exceeding maximum power. However, the impact of grid frequency fluctuation on DC-GCI cannot be mitigated by the current limiter for the reason that the fluctuation will lead to the current limiter saturation, which will cause the error between the angular frequency of the P-F droop output and the angular frequency of the grid voltage, and the system becomes unstable. It is a challenge to limit the output current, meanwhile ensuring the stable operation of the DC-GCI. To solve these problems, a modified droop control strategy is proposed to mitigate the impacts of the fluctuation of grid frequency and voltage magnitude on the system stability. In addition, the proposed control strategy in this paper realizes the stable operation of the DC-GCI through the cooperation between the modified droop control and the current limiter, and the current limiter saturation is avoided. The current limiter is used to restrain the transient current to compensate for the slow bandwidth of the droop loop, and the modified droop loop is used to stabilize output power and restrain the steady-state output current. The simulation and experimental results from a scaled-down laboratory prototype have been presented to verify the major contribution of this paper.
I. INTRODUCTION
With the continuous expansion of the scale of MG, the protection of MG becomes more and more complex [1] . MG can operate in both grid-connected (GC) mode and islanding mode [2] - [4] . Droop control strategy for islanded MG has been widely used [5] - [12] .The converters need to move from the grid-feeding to the grid-forming in order to establish the voltage in the grid. While the typical control in the grid-forming converter is the P-ω and Q-U control, where the synchronization is now not based on the Phase-locked
The associate editor coordinating the review of this manuscript and approving it for publication was Zhixiang Zou. loop (PLL), following the grid, but on the power synchronization, forming the internal frequency as synchronous generator(SG) does. However, when grid frequency fluctuates, the operation of droop control in GC mode has rarely been reported that due to the current limiter saturation and the angular frequency error, the DC-GCI may suffer from overcurrent fault and being damaged.
The fluctuation of grid voltage magnitude is mainly caused by the load switching, while the frequency fluctuation is induced by the unbalance between output power and input power of the generators [13] , [14] . In the GC mode, output current of DC-GCI is sensitive to the fluctuation of frequency and voltage magnitude. As a consequence, there is a current-limiting problem and system stability problem for the DC-GCIs resulting from the fluctuation of grid frequency and voltage magnitude when the DC-GCI-based MG is connected to the grid [15] - [17] .
In the most common scenario, DC-GCIs have a multiloop control structure consisting of an inner current controller and an outer voltage controller and voltage reference is generated from a droop controller [18] - [22] . The current reference vector generated by voltage controller is usually limited to a certain range by the current limiter in the voltage controller PI, which limits the output current of DC-GCI lower a given value to achieve the current-limiting function.When the grid frequency fluctuates, the current limiter may be saturated. The range of the current limiter usually depends on the maximum power of the inverter.
Note that, without considering the droop controller in the control strategy, the current limiter saturation can create some oscillation, but do not cause control instability. Because the PLL maintains phase angle alignment even during current limiter saturation (except for some transient error). In [19] , small signal state space model (SSSM) of the system with three widely used inner voltage/current control schemes have been established and compared. However, only analyses of the impact of frequency fluctuation on the voltage/current control loop are presented and the impact of droop loop is neglected. However, considering the droop loop, a reasonable design of inner voltage/current loop cannot mitigate the impact of grid frequency fluctuation to DC-GCI.
Considering the droop controller in the control strategy, the current limiter saturation can cause instable [20] , [21] . When the grid frequency fluctuates and the fluctuation leads to the current limiter saturation, the angular frequency of the droop controller output and the angular frequency of the grid voltage alignment can not be maintained. Therefore, limiting the output current meanwhile ensuring the stable operation of DC-GCI is a challenge [24] , [25] . Reference [20] has been already verified that the current limiters saturation can lead to instability by simulation and experiment. In addition, the way that the current-limiting affects the stability of inverter of P-F droop control also has been discussed in [17] , [24] , [25] . But, only the fluctuation of grid voltage magnitude is considered in [25] , [17] . In [17] , enhanced droop control for DC-GCI is proposed to limit its inrush current when grid frequency has large error comparing to rated frequency. However, the droop coefficient is changed during operation, and according to the analysis in this paper the set droop coefficient should consider both the stability and rated output power, and can just change in a special region.
In addition, [26] proposed a new synchronization method, the so-called power synchronization, as an alternative to a normal PLL. During grid fluctuation, the backup PLL is used instead the power-synchronization loop, and the converter should work on the constant current source mode, which is a method to solve the problem. However, PLL may weaken the stability of system [27] . In this paper, phase angle is provided by P-F droop control, PLL is not used.
Virtual Synchronous Machines(VSMs), which are filtered or delayed droop control and have virtual inertia with the emulation of swing equation, have the same stability issues when the grid frequency or voltage magnitude fluctuates, as have been addressed in [21] , [2] , [28] , [29] . In [29] ,when the grid voltage fluctuates, the voltage source mode of virtual synchronous generator is transformed into current source mode to limit the output current. A classical cascaded control scheme is that the voltage output from the VSM is used as the reference for an external voltage loop cascaded with an internal current loop [30] .The current limiter in voltage controller PI is used to limit inrush current.When the frequency fluctuation of grid is large, the control scheme will be transient unstable, and the current limiter saturation will deteriorate the stability [21] . However, if the current limiter is not used and the power is limited to limit the current, as the bandwidth of outer loop is designed to be much slower than the inner voltage/current loop [24] , [25] , the response speed may be too slow to suppress inrush current in time when the grid frequency fluctuates.
In order to overcome the disadvantage of the control strategy mentioned above, a modified droop control strategy is proposed to mitigate the impacts of the fluctuation of grid frequency and voltage magnitude on the system stability. A three-loop control structure is employed, where a modified droop controller is cascaded with the conventional double loop control structure. In addition, when the grid frequency or voltage magnitude fluctuates, the proposed control strategy in this paper realizes stable operation of DC-GCI through the cooperation between the modified droop control and the current limiter, and the current limiter saturation is avoided. The current limiter is used to restrain the transient current to compensate the slow bandwidth of the droop loop, and the modified droop loop is used to stabilize output power and restrain the steady-state output current, which intrinsically mitigates the impact of grid frequency fluctuation on the system. This paper is organized as follows. In Section II, the stability of inverter based on the conventional droop control is analyzed. In Section III, DC-GCI with current limiter is insightfully explored when grid frequency has error comparing to rated frequency. In Section IV, a modified droop control for the fluctuation of grid frequency and voltage magnitude is proposed and discussed. According to the European Standard EN 50160, taking frequency and magnitude drop of 0.5Hz and 30% respectively as an example, three cases are discussed, with Case I, the grid frequency drop of 0.5Hz, Case II, the grid voltage magnitude drop of 30%, Case III, the grid frequency drop of 0.5Hz and the voltage magnitude drop of 30% respectively. Simulation and experimental results are given in section V and VI respectively. Section VII summarizes this paper.
II. ANALYSIS OF INVERTER BASED ON DROOP CONTROL A. ANALYSIS OF THE CONVENTIONAL DROOP CONTROL
The model of DC-GCI connecting with the grid utility can be simplified to two voltage sources and connected in series with line impedance, as shown in Fig.1 . When the impedance is inductive, the grid-connecting active and reactive power can be controlled by angular frequency and voltage magnitude difference between the output voltage of DC-GCI and the grid voltage at the point of common couple (PCC).
With inductive line impedance, the droop control can be expressed as:
where ω 0 and ω n are the rated and real value of system angular frequency, U 0 and U n are the rated and real value of system voltage amplitude, P 0 and Q 0 are the rated active and the reactive power, P n and Q n are the output active and reactive power, and m n and n n are the droop coefficients, respectively. To suppress the fluctuation of measured power in the droop control, a low-pass filter (LPF) is used, given as
where ω c represents the cut-off frequency of the LPF. As shown in Fig. 2 , a conventional droop control strategy consists of active power-frequency(P−f ) and reactive powervoltage magnitude(Q−U ) droop loops, and inner voltage and current loops [8] - [19] . 
B. THE CONSTRAINT OF THE DROOP COEFFICIENT
The droop coefficient is mainly constrained by two factors, which is analyzed in this section, one of which is the allowed maximum angular frequency and voltage magnitude fluctuations, another of which is the constraint of system stability. From the mathematical theory, the droop coefficient is the ratio of the maximum frequency or voltage magnitude error to the maximum power error. However, due to the uncertainty of feeder impedance, the droop coefficient is limited by system stability. Therefore, the ratio may be not satisfied by the actual droop coefficient, during which the frequency fluctuation causes large power oscillation.
Considering the maximum frequency and voltage magnitude fluctuations, the constraints shown in (3) can be used.
where P max and Q max are the maximum output power of the inverter, ω min and U min are the minimum frequency and voltage magnitude of the system. According to S = UI * = P+jQ, the dynamic power model of the DC-GCI is shown in (4) . The small signal model of (4) is simplified to obtain (5) [11] .
where
is angular frequency, L and R are feeder impedance.
To analysis the range of the droop coefficient which can keep system stability, P − f and Q − U droop control block diagrams are shown in Fig. 3 and Fig. 4 respectively. The closed-loop transfer functions of ω − P n and U n − Q n are obtained as,
According to (6) , the root locus of active power-frequency (P − f ) and reactive power-voltage (Q − U ) droop control are shown in Fig.5 . The droop coefficient is kept at a fixed value. With the feeder impedance becoming smaller gradually, the dominant pole enters the right half plane and the system is unstable. It means that the same droop coefficients have different stability under different feeder impedance. When the feeder impedance changes, the droop coefficient, which can maintain the stability of the system, also needs to be changed. Therefore, due to the uncertainty of feeder impedance, the droop coefficient is limited by system stability. Thus the design constrains shown in (3) may be not satisfied.
III. INFLUENCE OF GRID FREQUENCY FLUCTUATION ON DC-GCI WITH CURRENT LIMITER
In the GC mode, the variation of the output active power of the DC-GCI is intrinsically determined by the fluctuation of frequency according to the droop characteristics. Fig.6 shows P − f droop curve. Due to the constraint of the droop coefficient, droop coefficient is selected as m 2 and the maximum of the output active power of the DC-GCI is P max . Therefore, the maximum acceptable frequency fluctuation range of the DC-GCI is fixed to ω 2 .
Normally, the steady-state operating point of the system is A P1 . When the grid frequency steps down ω 1 , the new steady-state operating point is A P2 . According to the droop FIGURE 6. Characteristic curve of P − f droop control. characteristic, the output active power of the DC-GCI should be P 2 . However, P max < P 2 , P 2 cannot be provided by the system and A P2 cannot be reached. At the same time, the current limiter will be saturated,which will cause not only a very fast inrush current of DC-GCI but also the error between the output angular frequency of the droop controller and the angular frequency of the grid voltage. The problem has a very serious impact on stability and cannot be solved by current-limiting strategy. The dynamic process is shown in Fig.7 . In addition, if the droop coefficient is changed from m 2 to m 1 , then the system can be stable. However, the droop coefficient cannot be changed to m 1 due to the stability limit of the system. Therefore, the system is unstable during ω 2 < ω PCC < ω 1 . This theory is validated by the following simulation. The simulation parameters are shown in table I and II. The i d limiter and i q limiter are the d-axis and q-axis current limiters in the synchronous reference frame (SRF),respectively. R g and L g are the inductance and impedance of the filter. The adjustable frequency range of the system(i.e. ω 2 ) is calculated by eq. (1), which is mainly determined by the difference between the maximum active power and the rated active power of the system and the droop coefficient. In this paper, P max = 900, P 0 = 240, m n = 0.001, f PCC = 50Hz and ω 0 = 2π · f PCC , according to eq. (1), ω min and ω max are shown in (7) .
VOLUME 7, 2019 ω 2 = ω 0 − ω min = 0.66rad/s and f = 0.105Hz. Therefore, when the frequency is lower than 49.895Hz, the system is instable due to the current limiter saturation [22] . The simulation results of grid frequency dropping to 49.9Hz and 49.5Hz are shown in Fig.8 , respectively. As can be seen in Fig. 8 , the system is stable when the frequency drops to 49.9Hz, but unstable when the frequency drops to 49.5Hz. Note that the result is just an example to reveal such instability, but not the real result required by grid code.
When the grid frequency drops from 50Hz to 49.9Hz, as shown in Fig.9 , the current limiter is not saturated, and the output angular frequency of droop controller can follow the angular frequency of the grid voltage (except for some transient error). When the grid frequency drops from 50Hz to 49.5Hz, as shown in Fig.10 , the current limiter saturation makes the output angular frequency of droop controller cannot follow the angular frequency of the grid voltage. In our paper, according to eq. (7) ,we can get adjustable frequency range of the system is [313.5rad/s,315.3rad/s]. However, the angular frequency corresponding to 49.5Hz is 311rad/s and 311rad/s / ∈ [313.5rad/s, 315.3rad/s]. The angular frequency of grid voltage cannot be followed by droop controller due to the limitation of the current limiter. The angular frequency error between the DC-GCI voltage and grid voltage is a large impact on the control system. Different from the frequency fluctuation, the fluctuation of grid voltage magnitude has a small influence on the output angular frequency of droop controller. There is inrush current but lower than maximum limit and the recovery speed is slow. In order to solve those problems, a modified reactive power-voltage droop control is also proposed to mitigate the impacts of the fluctuation of grid voltage magnitude in this paper. The focus of this paper is the frequency fluctuation, so that only symmetrical voltage magnitude is considered in this paper as the traditional method for asymmetrical voltage magnitude can also be used in this paper and the voltage magnitude fluctuation has less impact on the system than the frequency fluctuation.
IV. PROPOSED CONTROL STRATEGY FOR GRID FLUCTUATION A. IMPLEMENTATION METHOD
During the grid frequency fluctuation, the system stability can be maintained by a modified droop control and current limiter. The modified droop control is proposed in Fig.11 to mitigate the impacts of the fluctuation of grid frequency and voltage magnitude on the system stability.
The specific contents in the red box in Fig. 11 (a) are shown in Fig. 11 (b) . S 1 ∼ S 6 are mode change switches; i dq /v dq and i dqref /v dqref are the instantaneous and reference value of dqaxis current/voltage in SRF respectively; RelayP and RelayQ are d-axis and q-axis current triggers respectively, through which mode switching is judged.
When the grid fluctuates, the direction of power flow caused by the drop or rise of frequency and voltage magnitude is different. As shown in Fig.11 , when the grid frequency or voltage magnitude drops, the DC-GCI should output power to support the grid, so trigger of RelayP1 and RelayQ1 are used and the reference of output power is P ref1 and Q ref1 . When the grid frequency or voltage magnitude rises, the grid should output power to support the DC-GCI. The changing trend is the opposite, so the trigger of RelayP2 and RelayQ2 are used and the reference of output power is P ref2 and Q ref2 . Therefore, different current triggers are used to precision control. The biggest difference between RelayP1 and RelayP2 is that the upper and lower values are different and so do RelayQ1 and RelayQ2.
B. CONTROL PRINCIPLE
The P − f ' droop control proposed in this paper are (8) and (9), and the Q − U ' droop control are (10) and (11) .
In (9) and (11), k PP , k PI and k QP , k QI are PI regulator parameters of P − f ' and Q − U ' droop control, P refn (n = 1, 2) and Q refn (n = 1, 2) are the reference of output active and reactive power, respectively. In order to fully utilize the capability of the DC-GCI in terms of the maximum current and power, it is worth noting that P refn and Q refn should be as close as possible and less than the maximum power of the system.
The (8) and (9) are explained by the frequency fluctuation of grid.The Characteristic curve of modified P − f ' droop control is shown in Fig.12 . The conventional droop characteristic curve is l. When the grid frequency drops over ω 2 , the modified droop characteristic curve is l , which moves up and down along the green line as the frequency drop. When the grid frequency steps down to ω 1 , the steady-state operating point of the system changes from A P to A P . The ω is compensated by P and P is generated by (9) ,and the output angular frequency of droop controller can follow the variation of grid so that the system is stable.
The detail work process of the control is as follows:
1) THE GRID IS IN NORMAL STATE
The DC-GCI works in the conventional droop control according to (8) and (10) (that is, S 1 and S 2 are connected to 1). In this condition, (9) and (11) is not worked.
2) THE GRID FLUCTUATIONS
x If the grid frequency fluctuation is detected. For example, when the grid frequency drops, S 3 and S 5 is connected to 1. RelayP1 works and the reference of active power is P ref1 . When absolute value of i dref reaches the upper value of RelayP1, S 1 connects to 2 and (9) is worked now.Similarly, when the grid frequency raises, S 3 and S 5 is connected to 2. RelayP2 works and the reference of active power is P ref2 .
y If the fluctuation of voltage magnitude is detected. For example, when the grid voltage magnitude drops, S 4 and S 6 is connected to 1 and RelayQ1 works and the reference of reactive power is Q ref1 ; When absolute value of i qref reaches the upper value of RelayQ1, S 2 connects to 2 and (11) is worked now. Similarly, when the grid voltage magnitude raises, the switch S 4 and S 6 is connected to 2. RelayQ2 works and the reference of reactive power is Q ref2 .
z If the fluctuation of grid frequency and voltage magnitude are both detected. Both the process in x and y will work.
3) GRID FLUCTUATION IS CLEARED
x Grid frequency fluctuation is cleared. When absolute value of i dref reaches the lower value of d-axis current trigger, S 1 is connected to 1 and control straregy is switched back to the conventional droop control that (9) is not worked now.
y Grid voltage magnitude fluctuation is cleared, when absolute value of i qref reaches the lower value of q-axis current trigger, S 2 is connected to 1, and control straregy is switched back to the conventional droop control that (11) is not worked now.
z The fluctuation of grid frequency and voltage magnitude are cleared. When absolute value of i dref and i qref reach the lower value of d-axis and q-axis current triggers, S 1 and S 2 are connected to 1, and control straregy is switched back to the conventional droop control that both (9) and (11) are not worked now.
In particular, the drop and rise of the grid frequency or voltage magnitude referred to in this paper are based on the rated value.The power reference resulting from mode switching is as follows:
x Frequency fluctuation:
y Voltage magnitude fluctuation:
z Frequency and voltage magnitude fluctuation: Both x and y work. 
C. STABILITY ANALYSIS
In order to select the parameter of the controller in this paper, the small signal models of the system have been established for P − f ' and Q − U ' droop control respectively.
Form (8)- (11) the small signal model is obtained after Laplace transform.
From (12)- (15), considering the addition of LPF in power calculation to obtain the average power, the small signal model of P − f ' and Q − U ' droop control is shown in Fig.13 and Fig.14 . From Fig.13 and Fig.14 , the expression of P n (s) and Q n (s) are given as (16) and (17) respectively.
The characteristic equation of P − f ' and Q − U ' droop can be obtained from (16) and (17) respectively:
According to (18) , the root locus of the system is drawn in Fig.15 (a) and (b) . With the increase of k PP and k QP , the dominant pole enters the right half plane, and the system isunstable. It means that the value of the PI parameter cannot be too large. Finally, the PI parameter is selected in table III.
V. SIMULATION RESULTS
In order to verify the effectiveness of the proposed strategy in grid frequency and voltage magnitude fluctuation, the grid-connecting system shown in Fig.1 is built in the time domain simulations by MATLAB/SIMULINK. The simulation step is 5µs. The simulation parameters are shown in Table I , II and III. The DC-GCI is in GC mode at t = 0.5s and (9) or (11) is not worked now.
A. OPERATION UNDER GRID FREQUENCY FLUCTUATION
In the GC mode, the grid frequency fluctuation should not be more than 0.5 Hz. Therefore, this paper assumes that the grid fluctuation is frequency drops from 50 Hz to 49.5 Hz. As shown in Fig. 16 , when the grid frequency drops from 50Hz to 49.5Hz, (9) is worked now and the transient inrush current is restrained to 8A (far less than maximum value FIGURE 16. Grid frequency 50Hz-49.5Hz-50Hz using the proposed control strategy waveforms.
FIGURE 17.
Grid frequency 50Hz-49.5Hz-50Hz using the P −f droop control angular frequency waveforms.
11.66A) by proposed control strategy. The active power rapidly stabilizes to P ref1 , thus the steady-state current is also effectively controlled by the P − f ' droop loop. The output voltage magnitude of the DC-GCI is no obvious fluctuation and the reactive power is slightly reduced. At t = 5.1s, the grid frequency is restored and (9) is not worked now. Fig.17 shows the output angular frequency of P −f ' droop loop during frequency fluctuation. When the grid frequency is 49.5Hz, as shown in Fig.10 , the conventional droop control can not follow the variation of angular frequency to 311rad/s, but the proposed control can do it. Compared with conventional droop control, it is obvious that the proposed droop control can make the system stable through power P when additional ω occurs. Fig.18 shows the A-phase current during mode switching. It can be seen that the current has no obvious instantaneous impact when the mode is switched. This proves the feasibility, correctness, and rapidity of the proposed control strategy in restraining inrush current and maintaining system stability when the grid frequency drops. The proposed controller without current limiter can also achieve power stability when grid frequency fluctuates. However, due to the slow bandwidth of the power control loop, the grid-connecting current may not be compensated by the power controller in time. The dynamic performance comparison of the proposed droop controller with current limiter and without current limiter is shown in Fig. 19 . The proposed controller with current limiter has faster response speed,which also verifies the effect of current limiter on suppressing instantaneous inrush current.
B. OPERATION UNDER GRID VOLTAGE MAGNITUDE FLUCTUATION
In the GC mode, the grid voltage magnitude fluctuation should not be more than 30%. Therefore, the maximum drop of grid voltage magnitude is taken as an example, so this paper assumes that the grid fluctuation is voltage magnitude drops from 60 V to 42 V. As shown in Fig. 20 , when the grid voltage magnitude drops, (11) is worked now and the transient inrush current is restrained to 5.6 A (far less than maximum value 11.66A) by the proposed control strategy. The reactive power rapidly stabilizes to Q ref1 , thus the steady-state current is also effectively controlled by the Q − U ' droop loop. The voltage magnitude recovers at t = 5.36 s and (11) is not worked now. Fig.21 shows the A-phase current in the mode switching process when the grid voltage magnitude drops, which indicates that the proposed control strategy can switch mode accurately and restraining inrush current is effective. voltage magnitude drops to 70% and the frequency drops to 49.5Hz at the same time, (9) and (11) are worked now. As seen in Fig. 22 , the transient inrush current is restrained by proposed control strategy and the active power and reactive power is rapidly stabilized to P ref1 and Q ref1 , which maintain the system stability. The fluctuation recovers at t = 5.072 s and (9), (11) is not worked now.
In Fig. 23 , the three-phase current has no large impact during mode switching. It is obvious that the control strategy proposed in this paper has a good effect.
VI. EXPERIMENTAL RESULTS
To further validate the fast and stable performance of the proposed control strategy during grid frequency and voltage magnitude fluctuation, first of all, a controllable frequency and voltage magnitude voltage source is needed as the grid. Therefore, in this paper, a simulated grid topology is built to control the output voltage frequency and magnitude, as shown 
A. EXPERIMENTAL RESULT OF GRID FREQUENCY FLUCTUATION
When grid frequency drops from 50Hz to 49.5Hz, the control strategy is switched quickly and (9) is worked now. The active power is stabilized to P ref1 and the output frequency f droop of droop controller is stable. As shown in Fig.26 and Fig.27 , the current increases with the increase of active power and finally stabilizes. The output voltage magnitude is not obvious affected and the reactive power decreases slightly.
When the frequency recovers, the control strategy is switched back to the conventional droop control and (9) is not worked now. As seen in Fig.28 and Fig.29 , the current and power of DC-GCI output gently decrease to the initial value. The output frequency f droop of droop controller also recover. The experimental results are consistent with the simulation results in section V part A.
B. EXPERIMENTAL RESULT OF GRID VOLTAGE MAGNITUDE FLUCTUATION
When the grid voltage magnitude drops rapidly to 70% of the rated value, the control strategy is switched quickly and (11) is worked now. As seen in Fig.30 and Fig.31 , the reactive power is stabilized to Q ref1 and the transient inrush current is restrained far less than 11.66 A by the proposed control strategy. The steady-state current increases with the increase of reactive power and finally stabilizes. The active power is fluctuated instantaneous slightly, which is consistent with the simulation.
When the grid voltage magnitude recovers, the control strategy switches back to the conventional droop control and (11) is not worked now. As seen in Fig. 32 and Fig. 33 , all parameters of system return to itself initial value after a short transient fluctuation, which is caused due to i qref reaches the limit value.
C. EXPERIMENTAL RESULT OF GRID FREQUENCY AND VOLTAGE MAGNITUDE FLUCTUATION
Due to the limitation of the experimental equipment, the grid frequency and voltage magnitude cannot be dropped at the same time, so only one parameter can be changed at a time. First, the grid voltage magnitude drops to 70% of the rated value and (11) is worked now. As shown in Fig.34 , the inrush current is small and the reactive power reaches reference value. The current increases with the increase of reactive power and stabilizes. The active power is slightly affected, which is consistent with the section V part B.
After 0.43s, the grid frequency drops to 49.5Hz and (9) is worked now and the control strategy is switched to P − f ' droop control. As seen in Fig.35 , the active power is increased from 240W to 700W and the output current of DC-GCI increases slowly. The reactive power was affected and recovered after a transient drop, which is consistent with the section V part A.
VII. CONCLUSION
In this paper, a modified droop control is proposed. In addition, when the grid frequency or voltage magnitude fluctuates, the proposed control strategy in this paper realizes stable operation of DC-GCI through the cooperation between the modified droop control and the current limiter, and the current limiter saturation is avoided. The current limiter is used to restrain the transient current to compensate the slow bandwidth of the droop loop, and the modified droop loop is used to stabilize output power and restrain the steady-state output current. It provides a more effective protection scheme for the MG in GC mode. With the implementation of the proposed control scheme, restrained inrush current meanwhile enhanced system stability are achieved. From 2015 to 2018, he was a Research Fellow with Nanyang Technological University, Singapore. Since 2018, he has been an Associate Professor with the China University of Mining and Technology. His current research interests include renewable energy generation and digital control in power electronics. VOLUME 7, 2019 
